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Metal-Organic Frameworks (MOFs), also known as Porous Coordination Polymers (PCPs) have 
been studied recently, in perspective of synthesis advanced structures. Since MOFs have defined 
structure with metal cluster and organic linkers, it is easy to modify its structures by the control in 
molecular level. Therefore, study about the structure of MOFs, especially in terms of, tailoring the 
structure of MOFs are an important issue. In this tesis, structure change, especially dimensional 
change of MOFs observed by Single Crystal X-Ray Diffraction (SCXRD) and core-shell MOF 
observed by Electron Microscopy (EM) was studied for tailoring structure via post-synthetic 
approaches. 
 
We synthesized a MOF and transform its structure via radiating 365 nm wavelength of UV light. 
Utilized the designable property of MOFs, we chose aliphatic ligand and pillar ligand to make the 2-
dimensional structure with interdigitated structure. By self-assembly of Ni(II) ion and 4-styrylpyridine 
(spy) and sodium form of adipate,[Ni2(adipate)2(spy)4(H2O)2] successfully synthesized. Contrast with 
other research, we chose adipic acid, which is an aliphatic ligand, to form a 2-dimensional layer sheet, 
so we could observe the dynamics when MOF changing their structure. In addition, 4-styrylpyridine 
successfully formed the interdigitated structure with parallel olefin bond, which can be [2+2] 
photodimerization by UV irradiation. Irradiation of 365 nm of UV light successfully synthesized 
[Ni 2(adipate)2(spy)2(rctt-ppcb)(H2O)2] by cyclodimerization between two parallel olefin bond of 
interdigitated 4-styrylpyridine, which was monitored in Single-Crystal to Single-Crystal (SCSC) 
manner. Consequently, the 2-dimensional layer interdigitated structure was converted to a 3-
dimensional framework. Moreover, control of irradiation time, we could obtain a partial 
photodimerization structure, also monitored by SCXRD. 
 
In the second part of thesis, we also synthesized core-shell structure of MOFs via post-synthetic 
approaches. Collaborated with the simulation team, Prof. Jihan Kim at KAIST, proposed MOF on 
MOF core-shell structure based on their computationl algorithm. As the simulation result, UiO-66 
which is cubic crystal system with 12-coordination of zirconium metal in closed packed structure with 
terephthalate organic linkers and MIL-88B which is hexagonal crystal system with built up from the 
connection of trimers of iron(III) octahedra with sared μ3-O oxygen with same organic linkers of 
UiO-66. In details, the {111} plane of UiO-66 and {001} plane of MIL-88B have similar cell 
parameter to make core-shell structure successfully. Since, UiO-66 has higher chemical and physical 
stability than MIL-88B, we chose UiO-66 as core MOF. In addition, in the opposite case, MIL-88B is 
destructed by strong acidity of ZrCl4, which is precursors of UiO-66. Consequently, we us UiO-66 
for core and MIL-88B epitaxially growth on the every {111} planes of UiO-66 made star-shaped 
 
VI 
morphology of MOF successfully synthesized as a core-shell structure. Then, we expanded core-shell 
pairs with the isoreticular structure of UiO-66 and MIL-88B. UiO-66 with MIL-88A which is the 
shorter ligand than MIL-88B and MIL-88C which is the longer ligand than MIL-88B. Also, UiO-67 
which is longer ligand than UiO-66 with MIL-88C. Interestingly, UiO-67 with MIL-88A and MIL-
88C didn’t bring up the same result with UiO-66 @MIL-88B. This will be discussed related to MOF 
flexibility. We also expanded cubic/cubic core-shell pair for further generalized with UiO-
67@HKUST-1 pairs. The result of each core-shell synthesis was characterized by X-Ray Powder 
Diffraction (XRPD). The morphology and distribution of atom were defined by Scanning Electron 
Microscopy (SEM), Transmission Electron Microscopy (TEM), Scanning Transmission Electron 
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Figure 2. 1. (a) A typical monodentate ligand containing an olefin bond. (b) ‘Face-to-face’ olefin bond 
pairs in the packing of metal complexes within 4.2 Å  The cherry red object represents the metal ions. 
 
Figure 2. 2. Reversible polymerization by [2+2] photo-cycloaddition of slip-stacked bpeb ligands in a 
MOF and depolymerization of the resultant poly-cyclo-butanes. Both processes occur through SCSC 
transformations 
 
Figure 2. 3. The six-fold interpenetration MOF, with channels along the c-axis.  
 
Figure 2. 4. Crystal structure of MOF. Colour scheme: Mn, yellow; O, red; N, blue; C, gray. 1 
represented solvated MOF, 1’ represented desolvated MOF of 1, 2 represented [2+2] 
photodimerization of olefin bonds of 1’. 
 
Figure 2. 5. Schematic diagram of photoinduced post synthetic modification of MOF. 
 
Figure 2. 6. (a) Schematic diagram of stacked 2D layer structure of MOF. (b) Cycloaddition of olefin 
bonds within layers (in phase). (c) Cycloaddition of olefin bonds between layer (out-of-phase) change 
MOF dimension from 2D to 3D. 
 
Figure 2. 7. The crystal structure of CP 1 with distance (d) and dihedral angle (θ) between double 
bonds in spy ligands from two different layers. 
 
Figure 2. 8. An assymetric unit of 1. Symmetry operations: #1, -x+1/2, 6+1/2, -z+1/2, #, -x+1, -y+1, 
-z+1 
 
Figure 2. 9. Top view of the Ni-adipate layer and the conformation of the adipate ligand. colour 
scheme: Ni : yellow; C, grey; O, red; N, blue) 
 




Figure 2. 11. An asymmetric unit of 2. Disordered parts are omitted for clarity. Symmetry operations: 
#1, -x+1, -y+2, -z+2; #2, -x+1, -y+1, -z+2; #3, -x, -y+1, -z+2; #4, x, -y+3/2, z+1/2. 
 
Figure 2. 12. Disorders observed in 2: one adipate, a phenyl ring of a spy ligand, and a phenyl ring of 
rctt-ppcb. 
 
Figure 2. 13. (a) Schematic diagram of MOF, Vittal et al. (b) schematic diagram of MOF, Tong et al. 
 
Figure 2. 14. The geometrical change of π–π interactions with the phenyl rings, from the offset face-
to-face interaction in 1 to the edge-to-face interaction in 2. 
 
Figure 2. 15. The crystal structure of CP 1’ produced by the partial photodimerization reaction of 1. 
(reactant phase : product phase = 0.602 : 0.98) 
 
Figure 2. 16. (a) Planar conformation cyclobutane of 1’, (b) puckered conformation cyclobutene of 2. 
Black coloured atom highlighted cyclobutene and disorder is omitted for clarity. 
 
Figure 2. 17. The XRPD patterns of 1, 1’, and 2 with simulated (hkl) reflections. 
 




Figure 3. 1. Schematic design of simulation result of UiO-66 and MIL-88B and cell parameter 
difference. 
 
Figure 3. 2. (a) SEM image of UiO-66 without modulator. (S means small) (b) SEM image of UiO-66 
with modulator (L means large) From here, we L-UiO-66 denoted as UiO-66. (c) XRPD patterns of 
UiO-66. 
 
Figure 3. 3. (a) SEM images of MIL-88B (b) XRPD patterns of MIL-88B 
 
Figure 3. 4. (a) XRPD patterns of Core-shell MOF. (b) SEM image of UiO-66. (c) SEM and inset 
TEM images of UiO-66@MIL-88B (d) STEM-EDS images with zirconium and iron mapping. (f) 




Figure 3. 5. SEM images of UiO-66@MIL-88B at (a) 12 h (b) 24 h (c) 48 h. 
 
Figure 3. 6. XRPD patterns of UiO-66@MIL-88B at different reaction time. 
 
Figure 3. 7. XRPD patterns of (a) MIL-88B and dry form of MIL-88B. (b) Dry form of UiO-
66@MIL-88B. 
 
Figure 3. 8. SEM images of dry UiO-66@MIL-88B red box show separate MIL-88B. (Inset box is 
separate MIL-88B) 
 
Figure 3. 9. 2D Lattice parameters of MIL-88 series. Black symbols are flexible ranges of 2D lattice 
parameter in {001} surface of MIL-88 series and redsymbols are 2 times of flexible ranges of 2D 
lattice parameter in {001} surface of MIL-88 series. Blue dotted line is 2D lattice parameter of UiO-
66 in {111} surface. 
 
Figure 3. 10. XRPD of (a) UiO-66@MIL-88A (b) UiO-66@MIL-88C (c) UiO-67@MIL-88C core-
shell pairs. 
 
Figure 3. 11. SEM images of UiO-66, 67 and (a) UiO-66@MIL-88B (b)UiO-66@MIL-88C (c) UiO-
67@MIL-88C. 
 
Figure 3. 12. (a) XRPD patterns of UiO-67@HKUST-1 (b) SEM images of UiO-67 (c) UiO-
67@HKUST-1 
 
Figure 3. 13. UiO-67@HKUST-1 (a) TEM image (b) STEM image (c) EDS mapping Colour scheme : 
Zr : orange; Cu : turquoise 
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I. 1. General Introduction 
 
Metal-organic Frameworks (MOFs) are a coordination-based complex composed of metal cluster 
and organic ligands with ordered crystalline solid compounds. These materials have exceptional 
porosity with a wide range of potential based on their properties such as sensing1, hydrophilicity2, 
storage3-4, catalytic conversion5 conductivity6, and separation7. Recently, structures of MOFs attracted 
attention as well as functionality. The connectivity of inorganic and organic building blocks 
determines the structure of MOFs. The inorganic building blocks are usually metal ions or clusters 
called as secondary building units (SBUs).8 The organic building units usually formed by carboxylate 
of anions from organic ligands. These various combinations with diverse interconnectivity make 
numerous structures of MOFs. Owing to these properties, he study on the structure of MOFs have 
been interested. Owing to well-ordered MOFs crystalline property, structures of MOFs could be 
utilized to advanced structures such as core-shell9-10, dimension change11, porous carbon12, and glass13 
via post-synthetic approaches. Herein, we focused on dimensional change and hetero-structure MOFs. 
 
Dimensional change MOFs are usually reported via photo-cycloaddition MOFs. There are several 
papers which show the dimensional change in MOFs system with partial deprotonation of ligand14, 
gate adsorption properties by both solvent and vapor15, and hydration.16 Generally, UV induced [2+2] 
cycloaddition in MOFs can easily observe the dimension change owing to designing 2D MOFs is a 
well-known and comfortable strategy to make 3D MOFs via photocycloaddition. Using monodentate 
pillar ligand such as 4-styryl pyridine(4-spy) with various type of other organic linkers, 4-spy is well 
aligned with interdigitated structure facilitated by π–π interactions in the self-assembly process during 
crystallization11, 17. Moreover, Vittal et al reported 1D to 2D dimensio change by UV-light in 2014 and 1D 
to 2D to 3D dimension change MOFs using 4-spy ligand in 2015 induced by heat and photo radiation.18-19 
Not only monodentate pillar ligand but also bidentate ligand also well aligned in 2D layer which becoming 
3D framework via UV light.20 In addition, solvent triggered structure change causes dimension change.21 
The merit of these dimension change is figured out by Single Crystal X-Ray Diffraction (SCXRD), so 
called as Single Crystal to Single Crystal transformation (SCSC) manner.22 By doing so, the structure 
change with molecular movement clearly observed and visualized.23 Moreover, SCSC transformation 
elucidates the details of mechanism throughout the entire reaction process.24 In this thesis, I’ll discuss 
dimensional change of MOFs via post-synthetic approaches with UV-light which observed by SCXRD. 
Introducing aliphatic ligand, we also observed the dynamics of ligand conformation. 
 
The heterostructure of materials also have been explored by many researchers.25-26 This could be 
the easiest way to overcoming the drawbacks of the mono-component materials. Compared with the 
mono-component structure, hetero-structure is more efficient, and versatile by the synergistic effect of 
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individual components. Two types of structure in one material have a various function such as 
catalyst27, separation28, and tandem reaction.29 This remarkable property origin from not only their 
intrinsic but also extrinsic property.30 Therefore, the study of advanced heterostructure is important to 
make a new class of functional materials. The easiest way to synthesize these hetero-structure 
materials is via post-synthetic approach. Among the variety of materi ls, MOFs is attractive material 
because of their crystallinity. Owing to their high crystallinity, their structure is well defined in 
molecular level by SCXRD. Therefore over 6,000 crystal structures have been reported to CSD 
(Cambridge Structural Database) and 29, 700 SCI papers have been published.31 These databases 
could act as the template for heterostructure for a specific application. Therefore, many 
heterostructures were synthesized with MOFs, however, MOF with MOF or MOF with COF 
(Covalent-Organic Framework) heterostructure is rarely eported.32-33 Owing to the rigid structure of 
MOF, the cell mismatching causes the failure of the heterostructure, however, herein, applying the 
computer simulation with database algorithm, choosing suitable two MOFs with similar cell 
parameter successfully make heterostructure of MOFs with core-shell structure. These phenomena 
will lead the new perspective of MOF field with a vrious combination of MOFs.  
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II. Dimensional change of Metal-Organic Framework : SCSC transformation 
 
II. 1. Introduction 
 
Solid-state photoreactions have attracted increasing attention as an environmentally benign 
approach on account of their solvent-less procedure.1-2 In particular, in a crystalline phase these 
reactions are expected to be selective and efficient, because the photoreactive species are regularly 
arranged in view of distances and geometries.3-4 [2 + 2] photodimerization of a pair of olefins is a 
well-known reaction that occurs in the solid state, in which the traditional solution synthesis hardly 
affords the products, cyclobutane moieties.5 The pioneering work done by Schmidt et al. showed that 
the potentially reactive olefin pairs should be located less than ca. 4.2 Å apart, called Schmidt's 
criteria,6 as shown in Figure. 2. 1. In order to achieve well-aligned double bonds in crystals, various 
strategies have been employed so far. These strategies include co-crystallization templated by 
hydrogen bonds,7-8 π–π stacking9-10 or halogen bonding,11 coordination-driven metal–organic 
assemblies,12-14 inclusion of guest molecules in the host cavity,15-16 and utilization of substituted 
functional groups to assist the stereoselective arrangement of the olefin pairs.17-18  
 
Figure 2. 1. (a) A typical monodentate ligand containing an olefin bond. (b) ‘Face-to-face’ olefin bond 
pairs in the packing of metal complexes within 4.2 Å  The cherry red object represents the metal ions. 
 
Coordination polymers (CPs) and metal-organic frameworks (MOFs) have been utilized as 
platforms for solid-state photoreactions due to their ease of structural tunability and functionality.19-20 
Olefin-containing ligands and guest molecules, if present, can be well-positioned and oriented in the 
framework or pores so as to react upon UV-irradiation.21–24 The [2 + 2] cycloaddition reaction has 
been intensively studied by triggering the UV-induced regio- and stereoselective dimerization and 
polymerization with the intermolecular olefin bond pairs in the MOF system. For example, Vittal and 
Lee's group presented a 1D CP fused with an unusual org nic polymer ligand synthesized by the 




Figure 2. 2. Reversible polymerization by [2+2] photo-cycloaddition of slip-stacked bpeb ligands in a 




Figure 2. 3. The six-fold interpenetration MOF, with channels along the c-axis 
 
Kitagawa et al. reported the employment of [2 + 2] cycloadditions in a MOF synthesis to fine-tune the 
nanopores and verify the mechanism of their adsorbate-selective gate effect.24 (Figure 2. 4.) 
 
Figure 2. 4. Crystal structure of MOF. Colour scheme: Mn, yellow; O, red; N, blue; C, gray. 1⸧DMF  
represented solvated MOF, 1’ represented desolvated MOF of 1, 2 represented [2+2] 










Moreover, photoinduced post synthetic modification of pore size via host-guest cycloaddition reaction 
in a MOF system lead CO2 selectivity performance is reported by Hazra et al.25 (Figure 2. 5.) 
 
Figure 2. 5. Schematic diagram of photoinduced post synthetic modification of MOF 
 
Recently, solvent-mediated synthesis of cyclobutane isomers in a MOF system also studied by 
Claasens et al. Well stacked 2D layers change inter- and intra- distance of olefin bonds induced not 
only cyclobutane isomers, but also change the whole MOF dimension.26 (Figure 2. 6.) 
 
 
Figure 2. 6. (a) Schematic diagram of stacked 2D layer structure of MOF. (b) Cycloaddition of olefin 
bonds within layers. (in phase) (c) Cycloaddition of olefin bonds between layer (out-of phase) change 
MOF dimension from 2D to 3D. 
 
Herein, to construct the photoreactive crystalline CP, we employ a mixed-ligand system of an 
olefin-containing ligand, 4-styrylpyridine (spy), and adipate as a flexible linker with Ni(II) ions.27 
Upon UV-irradiation, the as-synthesized 2-dimensional (2D) CP is converted to a 3-dimensional (3D) 
CP through the cycloaddition reaction, which is monitored in a single-crystal-to-single-crystal (SC–
SC) manner to provide direct structural information about the reaction progress. Interestingly, the 
severe strain originating from the atomic dislocations during the reaction can be released by the 




Ⅱ. 2. Experiment Section 
 
Materials and Methods.  
 
All chemicals and solvents were reagent grade and used without further purification. Elemental 
analyses were performed at the UNIST Central Research Facilities Center (UCRF) in Ulsan National 
Institute of Science and Technology (UNIST). Thermogravimetric analysis (TGA) were performed 
under N2(g) atmosphere at a scan rate of 1 ℃ min-1 using Q50 from TA instruments. IR spectra were 
recorded with a ThermoFisher Scientific Nicolet 6700 FT-IR spectrophotometer. X-ray powder 
diffraction (XRPD) data were recorded on a Bruker D2 phaser diffractometer at 30 kV and 10 mA for 
Cu Kα (λ = 1.541 Å), with a step size of 0.02o in 2θ. Nuclear magnetic resonance (NMR) spectra were 
recorded on a Agilent 400-MR DD2 spectrometer. 
 
Synthesis of [Ni(adipate)(4-spy)2(H2O)] (1) 
 
Ni(NO3)2•6H2O (29.3 mg, 0.1 mmol) and the sodium adipate (19 mg, 0.1 mmol) were dissolved in 
a mixture of ethanol and water with volume ratio of 2 mL:1 mL and 1 mL:2mL respectively. The 
solution of Ni(NO3)•6H2O was diffused onto the latter solution. Subsequently, a methanol solution (3 
mL) of 4-styrylpyridine (4-spy) (18 mg, 0.1 mmol) were carefully added. The mixture solution 
allowed to stand at room temperature for 7 days until the green crystals were fully synthesized. Yield : 
64 %. Anal. Calcd for Ni1C32H32N2O5: C, 63.83; H, 5.49; N, 4.80.; Found: C, 64.51; H, 5.50; N, 4.78 
 
Synthesis of single crystlas of [Ni(adipate)(rctt-pcb)(4-spy)2(H2O)2] (2) from 1 
 
After UV irradiation (365 nm, 0.7 klx by Hg lamp) of 1 for 24 h, green crystals of [Ni(adipate)(rctt-
ppcb)(4-spy)2(H2O)2] (2) (rctt-ppcb = regio-cis, trans, trans-1,3-bis(4’-pyridyl)-2,4-
bis(phenyl)(cyclobutane) were obtained. Anal. Calcd for Ni1C32H32N2O5: C, 63.83; H, 5.49; N, 4.80.; 
Found: C, 64.34; H, 5.35; N, 4.79 
 
Preparation of the bulk powder sample of 2 
 
For preparation, the crystals of 1 were ground in powder form, and thinly spread onto the glass 
substrate. Upon the UV-irradiation (365 nm, 1.2 klx by Hg lamp), the bulk samples of 2 (6 h) and 1’ 





Single-crystal X-ray crystallography 
 
Single crystals of 1, 2, and 1’ were coated with paratone-N oil, and the diffraction data were 
measured at 100 K with synchrotron radiation (λ = 0.63000, 0.70000, and 0.70000 Å, respectively) on 
an ADSC Quantum-210 detector at 2D SMC with a silicon (111) double crystal monochromator 
(DCM) at the Pohang Accelerator Laboratory, Republic of Korea. The ADSC Q210 ADX program30 
were used for data collection, and HKL3000sm (Ver. 730r) 31 were used for cell refinement, reduction, 
and absorption correction. The crystal structures wre solved by direct methods with SHELX-XS (Ver. 
2014/5) 32 and refined by full-matrix least-squares calculations with SHELX-XL (Ver. 2014/7) 33. All 
non-hydrogen atoms in whole structures were refined anisotropically. A summary of the crystals and 
some crystallographic data are given in Table 1-6. CCDC 1524563 (1), CCDC 1524564 (2), and 
CCDC 1524565 (1’) contain the supplementary crystallographic data for this paper. The data can be 
obtained free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html or from the Cambridge 




Ⅱ. 3. Result and Discussion 
 
The self-assembly of Ni(NO3)2·6H2O, sodium adipate, and spy yielded green crystals of 
[Ni(adipate)(spy)2(H2O)] (1) (see experimental for details). CP 1 crystallizes in the monoclinic space 
group P21/n and is composed of 2D coordination networks stacked in an interdigitated fashion (Figure 
2. 7.). 
 
Figure 2. 7. The crystal structure of CP 1 with distance (d) and dihedral angle (θ) between double 
bonds in spy ligands from two different layers. 
 
The asymmetric unit of 1 contains one octahedral Ni(II) ion, two spy and oneadipate ligands, and one 
coordinating water molecule (Figure. 2. 8. and Table 2. 1.).  
 
Figure 2. 8. An assymetric unit of 1. Symmetry operations: #1, -x+1/2, 6+1/2, -z+1/2, #, -x+1, -y+1, 




Table 2. 1. X-ray crystallographic data of [Ni(adipate)(spy)2(H2O)] (1). 
Empirical formula C32 H32 N2 O5 Ni 
Formula weight 583.30 
Temperature 100(2) K 
Wavelength 0.63000 Å 
Crystal system Monoclinic 
Space group P21/n 
Unit cell dimensions a = 18.788(4) Å 
 
b = 8.3400(17) Å 
 
c = 18.868(4) Å 
 
α = 90° 
 
β =115.53(3) ° 
 
γ =90° 
Volume3 2696.6(11) Å 
Z 4 
Density (calculated) 1.437 g cm-3 
Absorption coefficient (µ) 0.552 mm-1 
F(000) 1114 
θ range for data collection 1.797 to 33.355° 
Index ranges -32<=h<=32, -14<=k<=14, -32<=l<=32 
Reflections collected 40553 
Independent reflections 12624 [R(int) = 0.0660] 
Completeness to θ = 28.00° 99.7 % 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 12624 / 0 / 369 
Goodness-of-fit on F2 0.975 
R1a , wR2b [I>2σ(I)] 0.0406, 0.1008 
R1a , wR2b (all data) 0.0683, 0.1107 
Largest diff. peak and hole 0.677 and -1.299 e.Å-3 
aR = Σ||Fo | - |Fc||/Σ|Fo|. bwR(F2) = [Σw(Fo2 - Fc2)2 /Σw(Fo2) 2 ]½ where w = 1/[σ2 (Fo2) + (0.0632P) 2




Ni(II) ions are coordinated by one water molecule and three oxygen atoms of carboxylate anions from 
three different adipate ligands to construct the 2D layered structure in the (−101) plane (Figure. 2. 9.).  
 
 
Figure 2. 9. Top view of the Ni-adipate layer and the conformation of the adipate ligand. colour 
scheme: Ni : yellow; C, grey; O, red; N, blue) 
 
Among the four O atoms of an adipate ligand, three O atoms participate in the coordination in the 
monodentate mode, and thus the ligand acts as a 3-conne ted node. The spy ligands occupying the 
apical sites of Ni(II) are vertically projected from the basal plane, which makes each 2D sheet packed 
in an interdigitated manner. The adjacent spy ligands from the adjacent layers show strong π–π 
interactions between their aromatic rings (range of adjacent C⋯C distances = 3.547–4.575 Å). As 
highlighted in Figure. 2. 7, between the two crystallo-graphically independent spy ligands (spy1 and 
spy2), only spy1 ligands have a pair of olefin bonds surpassing Schmidt's requirement to undergo the 
[2 + 2] cycloaddition reaction as the pairs are aligned parallel with a distance of 3.705(2) Å. 
Particularly, the photoreactive spy1 ligands are aligned in a head-to-tail manner derived from the two
neighbouring sheets. This presents the opportunity for a structural transformation from 2D to 3D upon 
successful photodimerization. The conformation of the adipate ligand is worthy of attention as it has a 
gauche–anti–gauche conformation [torsion angle C1–C2–C3– C4 = −74.48(14)°; torsion angle C2–
C3–C4–C5 = 177.21(0)°; torsion angle C3–C4–C5–C6 = 58.39(15)°; chain length C1⋯C6 = 5.485(2) 
Å] (highlighted in Fig. 2. 7.). The conformational change of this flexible ligand is an important feature 






Irradiation with UV light (365 nm) for 24 h on the single-crystals of 1 resulted in a [2 + 2] 
cycloaddition of the olefin pairs, generating [Ni2(adipate)2(spy)2(rctt-ppcb)(H2O)2] (2; rctt-ppcb = 
regio-cis,trans,trans-1,3-bis(4′-pyridyl)-2,4-bis(phenyl)cyclobutane) by the SC–SC transformation. 
The single-crystal X-ray diffraction (SCXRD) analysis clearly shows the formation of cyclobutane 
rings that originate from the olefin bond pairs of the spy1 ligands in 1, bridging its sheets to afford the 
3D framework (Figure 2. 10. and Table 2. 2.). 
 
 




Table 2. 2. Crystallographic data for [Ni2(adipate)2(spy)2(rctt-ppcb)(H2O)2] (2). 
Empirical formula C64 H64 N4 O10 Ni2 
Formula weight 1166.61 
Temperature  100(2) K 
Wavelength 0.70000 Å 
Crystal system  Monoclinic 
Space group  P21/c 
Unit cell dimensions a = 21.305(4) Å 





c = 30.830(6) Å 
α = 90° 
β = 94.27(3)° 
γ = 90° 
Volume 5575(2) Å3 
Z 4 
Density (calculated) 1.390 g cm-3 
Absorption coefficient (µ) 0.708 mm-1 
F(000) 2448 
θ range for data collection 1.552 to 33.270°. 
Index ranges -33<=h<=33, -12<=k<=12, -47<=l<=47 
Reflections collected 34671 
Independent reflections 18478 [R(int) = 0.0431] 
Completeness to θ = 28.00° 98.1 %  
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 18478 / 101 / 851 
Goodness-of-fit on F2 1.010 
R1a, wR2b [I>2σ(I)] 0.0774, 0.2061 
R1a, wR2b (all data) 0.1578, 0.2500 
Largest diff. peak and hole 1.459 and -1.153 e.Å-3 
 a
R = Σ||Fo| - |Fc||/Σ|Fo|. 
b
wR(F2) = [Σw(Fo2 - Fc2) 2/Σw(Fo2) 2]½ where w = 1/[σ2(Fo2) + (0.1424P) 






On the other hand, the photo-inactive spy2 remained tact after the photoreaction, dangling on the 
layer in CP 2. During the transformation from 1 to 2, the space group changed from P21/n to P21/c 
with the asymmetric unit containing two Ni(II) ions, two spy, two adipate, one rctt-ppcb, and two 
water molecules, which are quantitatively twice that of 1 due to reduced symmetry (Figure 2. 11.). 
 
 
Figure 2. 11. An asymmetric unit of 2. Disordered parts are omitted for clarity. Symmetry operations: 
#1, -x+1, -y+2, -z+2; #2, -x+1, -y+1, -z+2; #3, -x, -y+1, -z+2; #4, x, -y+3/2, z+1/2. 
 
In the structure of 2, one adipate, one spy, and a phenyl ring of rctt-ppcb are disordered, which are 
described in Figure. 2. 12. 
 
 






 In the CP or MOF system, several interesting examples of dimensional changes of the structures 
upon photodimerization have been reported.32-36 Vittal et al. reported a solid-state transformation from 
a 2D CP into a 3D interpenetrated structure by the [2 + 2] cycloaddition of 4-styrylpyridine.35(Figure 
2. 13. (a)) Tong and his co-workers also reported a transformation from 1D to 3D by using staggered-
sculls chains.36 (Figure 2. 13 (b)) 
 
 
Figure 2. 13. (a) Schematic diagram of MOF, Vittal et al. (b) schematic diagram of MOF, Tong et al.
 
Along with these, the present system can be a good example of constructing high dimensional crystal 
structures by crystal engineering in the solid-state by a photoreaction. 
 
Despite the four-membered ring formation, the octahedral geometry of Ni(II) ions was intact as in 1 
with a slight change of the angles around them (Tables 2. 3 and 4). However, the dynamic atomic 
displacements in the ligand side for adipate and spy were more severe: (1) the geometry change of π–
π interactions for some aromatic rings, and (2) the conformational change of adipate. In 2, the 
aromatic units of spy and rctt-ppcb ligands still exhibit strong π–π interactions (range of adjacent 





Table 2. 3. Selected bond lengths (Å) and angles (deg.) of 1.
Symmetry transformations used to generate equivalent toms:  
#1 -x+1/2,y+1/2,-z+1/2    #2 -x+1,-y+1,-z+1    #3 -x+1/2,y-1/2,-z+1/2 
 
  
Ni(1)-O(1) 2.0438(10) Ni(1)-O(2) 2.0664(10) 
Ni(1)-O(3)#1 2.0779(12) Ni(1)-O(4)#2 2.0923(12) 
Ni(1)-N(1) 2.1017(11) Ni(1)-N(2) 2.1103(11) 
    
O(1)-Ni(1)-O(2) 175.57(4) O(1)-Ni(1)-O(3)#1 96.83(4) 
O(2)-Ni(1)-O(3)#1 80.82(4) O(1)-Ni(1)-O(4)#2 87.31(4) 
O(2)-Ni(1)-O(4)#2 94.92(4) O(3)#1-Ni(1)-O(4)#2 175.44(4) 
O(1)-Ni(1)-N(1) 88.75(4) O(2)-Ni(1)-N(1) 87.37(4) 
O(3)#1-Ni(1)-N(1) 86.81(5) O(4)#2-Ni(1)-N(1) 91.40(5) 
O(1)-Ni(1)-N(2) 94.74(4) O(2)-Ni(1)-N(2) 89.06(4) 
O(3)#1-Ni(1)-N(2) 90.62(5) O(4)#2-Ni(1)-N(2) 90.93(5) 
N(1)-Ni(1)-N(2) 175.89(4)   
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Table 2. 4. Selected bond lengths (Å) and angles (deg.) of 2.
Symmetry transformations used to generate equivalent toms:  
#1 -x+1,-y+2,-z+2    #2 -x+1,-y+1,-z+2    #3 -x,-y+1,-z+2       
#4 x,-y+3/2,z+1/2 
  
Ni(1)-O(7) 2.043(2) Ni(1)-O(3) 2.055(3) 
Ni(1)-O(1) 2.059(2) Ni(1)-O(5)#1 2.062(2) 
Ni(1)-N(3) 2.113(3) Ni(1)-N(1) 2.137(3) 
Ni(2)-O(2) 2.053(2) Ni(2)-O(8) 2.056(2) 
Ni(2)-O(6)#2 2.064(2) Ni(2)-O(9)#3 2.071(3) 
Ni(2)-N(2)#4 2.105(3) Ni(2)-N(4) 2.110(3) 
    
O(7)-Ni(1)-O(3) 175.61(9) O(7)-Ni(1)-O(1) 95.88(10) 
O(3)-Ni(1)-O(1) 88.43(10) O(7)-Ni(1)-O(5)#1 80.22(9) 
O(3)-Ni(1)-O(5)#1 95.50(9) O(1)-Ni(1)-O(5)#1 175.30(10) 
O(7)-Ni(1)-N(3) 92.55(11) O(3)-Ni(1)-N(3) 86.46(11) 
O(1)-Ni(1)-N(3) 92.44(10) O(5)#1-Ni(1)-N(3) 90.37(9) 
O(7)-Ni(1)-N(1) 93.45(11) O(3)-Ni(1)-N(1) 87.44(11) 
O(1)-Ni(1)-N(1) 88.49(10) O(5)#1-Ni(1)-N(1) 89.12(10) 
N(3)-Ni(1)-N(1) 173.80(12) O(2)-Ni(2)-O(8) 174.01(10) 
O(2)-Ni(2)-O(6)#2 95.04(10) O(8)-Ni(2)-O(6)#2 80.79(9) 
O(2)-Ni(2)-O(9)#3 88.51(10) O(8)-Ni(2)-O(9)#3 95.68(9) 
O(6)#2-Ni(2)-O(9)#3 176.44(9) O(2)-Ni(2)-N(2)#4 88.62(10) 
O(8)-Ni(2)-N(2)#4 87.12(10) O(6)#2-Ni(2)-N(2)#4 90.62(11) 
O(9)#3-Ni(2)-N(2)#4 89.68(12) O(2)-Ni(2)-N(4) 94.41(10) 
O(8)-Ni(2)-N(4) 89.95(9) O(6)#2-Ni(2)-N(4) 90.47(11) 
O(9)#3-Ni(2)-N(4) 89.04(11) N(2)#4-Ni(2)-N(4) 176.67(10) 
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Meanwhile, the two phenyl rings of rctt-ppcb indicate the change of their π–π interaction geometry 
with another phenyl ring of spy from the offset face-to-face interaction to the edge-to-face interaction 
as a result of photodimerization (Figure 2. 14.); in 1 the shortest C⋯C distance was 3.803 Å and the 
dihedral angle was 15.23°, whereas in 2 it was 3.629 Å and 43.03° for a ring pair and 3.634 Å and 
96.48° for the other one. For the adipate ligands, the conformational changes are observed during the 
photochemical transformation. Between the two crystallographically different adipate ligands, one has 
an anti–anti– anti conformation [torsion angle C1–C2 3–C4 = −172.6(3)°; torsion angle C2–C3–
C4–C5 = 178.6(3)°; torsion angle C3–C4– C5–C6 = 170.2(3)°; chain length C1⋯C6 = 6.283(5) Å] 
and the other has a gauche–anti–gauche conformation [torsion angle C7–C8A–C9A–C10A = 
58.6(10)°; torsion angle C8A–C9A–C10A– C11A = 174.2(9)°; torsion angle C9A–C10A–C11A–C12 
= 77.7(11)°; chain length C7⋯C12 = 5.392(5) Å]. Overall, the distance between the 2D networks has 
been shortened from 15.93 Å to 15.37 Å, but the volume slightly increased by 3% because of the 
extension along the 2D layers. This implies that the surrounding molecules are collectively and 
dynamically moved upon formation of cyclobutane in order to stabilize the whole framework. 
 
 
Figure 2. 14. The geometrical change of π–π interactions with the phenyl rings, from the offset face-
to-face interaction in 1 to the edge-to-face interaction in 2. 
 
By controlling the irradiation time (6 h), we could obtain the partially photodimerized compound 
[Ni(adipate)(spy)(spy0.6·½rctt-ppcb0.4)(H2O)] (1′) (Table 2. 5.), which provides direct structural 
information about the reaction progress. As determined by the SCD analysis, 1′ is isostructural to 1 
except for the formation of rctt-ppcb observed as a disorder (Figure. 2. 15.), which has an occupancy 
ratio of 40% to spy.  
 
Figure 2. 15. The crystal structure of CP 1’ produced by the partial photodimerization reaction of 1. 
(reactant phase : product phase = 0.602 : 0.98) 
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In this structure, the conformation of adipate remains the same as that in 1, contrary to what was 
observed in 2. The cyclobutane rings in 1′ show a centrosymmetric planar conformation [cyclobutane 
torsion = 0.0(8)°]. This is clearly distinguishable from the cyclobutane species in 2, which has a 
puckered conformation with a torsion angle of 11.6()° (Figure 2. 16.). In general, the coplanar 
cyclobutane has a higher strain energy by approximately 110 kJ mol−1 compared with the puckered 
form,37 which means that the energy is accumulated in the crystal as the photodimerization progresses 
to completion. Therefore, in order to stabilize the final structure, the conformational change of 
cyclobutane occurred along with the geometrical change of π–π interactions as well as the 
conformational motions of adipate. 
 
The XRPD studies (Figure 2. 17.) show that the photo-transformation for the bulk powder sample is 
completed within 6 h upon UV-irradiation whose light power is ca. 1.2 klx. The XRPD patterns of 1 
and 2 match well with the (hkl) reflections simulated from the SCD data, respectively, which confirms 
the successful structural change from bulk 1 to 2 as well as the purity of the samples. The peak related 
to the d-spacing ((10– 1) for 1 and (002) for 2) between the layers is shifted to a higher angle from 
5.52° to 5.78° because of its contraction as previously mentioned.  
 
 
Figure 2. 16. (a) Planar conformation cyclobutane of 1’, (b) puckered conformation cyclobutene of 2. 




Table 2. 5. Crystallographic data for [Ni(adipate)(spy)(spy0.6·½rctt-ppcb0.4)(H2O)] (1’). 
Empirical formula C32 H32 N2 O5 Ni 
Formula weight 583.30 
Temperature  100(2) K 
Wavelength 0.65000 Å 
Crystal system  Monoclinic 
Space group  P21/n 
Unit cell dimensions a = 18.732(4) Å 





c = 18.827(4) Å 
α = 90° 
β = 115.03(3)° 
γ = 90° 
Volume 2685.5(11) Å3 
Z 4 
Density (calculated) 1.443 g cm-3 
Absorption coefficient (µ) 0.603 mm-1 
F(000) 1224 
θ range for data collection 1.847 to 33.341°. 
Index ranges -31<=h<=31, -12<=k<=12, -24<=l<=24 
Reflections collected 37046 
Independent reflections 10138 [R(int) = 0.1010] 
Completeness to θ = 28.00° 94.7 %  
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 10138 / 86 / 497 
Goodness-of-fit on F2 1.076 
R1a, wR2b [I>2σ(I)] 0.0629, 0.1620 
R1a, wR2b (all data) 0.1407, 0.1917 
Largest diff. peak and hole 0.877 and -1.491 e.Å-3 
 a
R = Σ||Fo| - |Fc||/Σ|Fo|. 
b
wR(F2) = [Σw(Fo2 - Fc2) 2/Σw(Fo2) 2]½ where w = 1/[σ2(Fo2) + (0.0919P) 






Figure 2. 17. The XRPD patterns of 1, 1’, and 2 with simulated (hkl) reflections. 
 
The 1H NMR spectra of 1 and 2 also indicate the occurrence of a cycloaddition reaction between the 
photoactive spy species which produces the rctt-ppcb species. For the NMR measurement, each 
crystal of 1 and 2 was dissolved in DMSO-d6 solution with a sulfuric acid-d2 solution. In sample 1, the 
signals for the pyridyl protons at 8.76 ppm and for the olefinic protons at 8.30 ppm (designated as a 
and b in Figure 2. 18., respectively) show the existence of spy ligands, which are twice that of adipate, 
in agreement with the crystal structure of 1. In the 1H NMR spectrum of 2, the appearance of pyridyl 
peaks at 8.65 ppm and cyclobutane peaks at 5.03 ppm (c and d, respectively) verifies the successful 
formation of rctt-ppcb. The ratio between the three ligands, spy, rctt-ppcb, and adipate, which is 
estimated by integration, is also in good agreement with the crystallographic result (spy : rctt-ppcb : 
adipate = 0.89 : 1.06 : 2.00). 
 




Ⅱ. 4. Conclusions 
 
In this work, a 2D interdigitated CP, furnished with olefin bond pairs, underwent a solid-state 
transformation to a 3D CP via [2 + 2] photodimerization in a SC–SC manner upon UV irradiation. 
The SCD investigations revealed that the dynamic atomic rearrangement for both spy and adipate 
occurred through the photoreactions, including the geometrical change of π–π interactions in spy and 
the conformational motion of adipate from gauche–anti gauche to anti–anti–anti. As identified from 
the structural snapshot of the partially photodimerzed compound, the strain accumulation was caused 
by the coplanar conformational cyclobutane, which has a higher strain energy than the puckered 
conformation. This reveals that the collective and dynamic movements of the ligands were facilitated 
owing to the flexible nature of adipate and compensated for the conversion strain. Eventually, the 
structure was stabilized by these dynamics, which helped the single crystallinity to be retained. The 
present system provides an interesting design strategy to construct photoreactive CPs or MOFs and 
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III. Hetero-structure of Metal-Organic Frameworks :  MOF-on-MOF 
 
III. 1. Introduction 
 
Metal-Organic Frameworks (MOFs), also known as Porous Coordination Polymers (PCPs) are 
intriguing materials with highly crystalline and porosity solid having paid considerable attention 
recently.1-3 The assembly of inorganic Secondary Building Units (SBUs) with organic linkers 
construct a highly ordered crystalline porous structure with distinct features, such as diversified 
structure4, large surface area5, tunable pore size6 which can be utilized for a desired application. 
Owing to their properties, MOFs is immersing as promising candidates for a variety of fields such as 
gas separation7 and storage8, drug delivery9, sensing10, conduction11 and catalysis12. Moreover, their 
morphologies also can be observed by Scanning Electron Microscopy (SEM) in nano-sized scale, 
optical spectroscopy in micro-sized. Structure of MOFs also characterized in molecular level ia
Single Crystal X-Ray Diffraction (SCXRD). Based on those accessible characterization properties, 
scientists and industry have got interested in MOFs.13 
   
The heterostructure of MOFs also has been interested in many researchers. The integration of 
MOFs with other functional materials such as metal oxides14, polymer,15 and nanoparticles16 are well 
studied before. Moreover, synthesized the core-shell tructure of porous materials emerges as the new 
class of multifunctional materials.17 In early research, those core-shell structural-functio al porous 
materials make a better performance than every single component.18 In this reason, there are already 
many kinds of MOF@MOF, ZIF (Zeolitic imidazolate framework)@MOF, ZIF@ZIF19-21 cases are 
studied, however, they are limited to using the same ligand with different functional group22,23 or 
different metal species24,25. Otherwise, epitaxial growth of same 2D layer with different pillar ligand 
so called a block MOF-on-MOF structure.26 In other words, they have similar lattice parameter with 
same crystal system. Although lattice mismatched core-shell structure of two different MOFs was 
studied, they use surfactant or polymers to expedite core-shell structure.27,28 In these days, few 
researchers found the un-balanced lattice parameter and crystal system of two MOFs make a core-
shell, however, the shell morphology is not clearly shown.29-31 There was one case of a core-shell 
structure of different MOFs with maintaining their morphology by Hong-Cai Zhou group.32 However, 
the core-shell structure owing to different growth kinetic rate, core MOF is formed first, following 
shell MOF grow on the core MOF. In other words, not epi axial growth, but hetero-nucleation. 
 
Herein, our group collaborates with Prof. Jihan Kim at KAIST, who is an authority on the MOF 
simulation, to make core-shell structure of two different MOFs. According to the algorithm of Kim’s 
group, we get many kinds of possible candidates to make a different core-shell structure of two 
 
32 
different MOFs with different crystal system with similar lattice parameter. Among them, we select 
UiO-66 (Universitetet i Oslo) as core MOF and MIL-88 (Materials of Institut Lavoisier) as shell MOF. 
The stable zirconium cluster of UiO-6633,34 can induce the high temperature during the reaction to 
form the star shape of core-shell morphology which is evidence of epitaxial growth of shell on the 
core. As we know, no one has yet managed to synthesize core-shell MOFs based on theoretical 
predictions. In addition, we utilize the flexible behavior of MIL-88 series, we successfully synthesized 
UiO-66@MIL-88A-fumarate linker, UiO-66@MIL-88B-terephthalate linker, and UiO-66@MIL-88C-
naphthanlate linker core-shell with same star-shaped morphology. Furthermore, as well as shell 
MOF’s ligand length, core MOF’s ligand length also controlled to UiO-67-biphenyl dicarboxylate 
linker. In addition, not only cubic/hexagonal pairs but also cubic/cubic pair which is UiO-
67@HKUST-1 also discussed with the different morphology result. Their crystallinity and formation 
of MOFs are characterized by X-Ray Powder Diffraction patterns (XRPD). The morphology is 
observed by SEM and Transmission Electron Microscopy (TEM) and the metal composition of core 
and shell is observed by Scanning & Transmission Electron Microscopy–Energy Dispersive x-ray 











IⅡ. 2. Experiment Section 
 
Materials and Methods.  
 
All chemicals and solvents were of reagent grade and used without further purification. X-ray 
powder diffraction (XRPD) data were recorded on a Bruker D2 phaser diffractometer at 30 kV and 10 
mA for Cu Kα (λ = 1.541 Å), with a step size of 0.02o in 2θ. Transmission electron microscopy (TEM), 
Scanning transmission electron microscopy (STEM), Energy-dispersive x-ray spectroscopy (EDS) 
images were taken using a FEI Tecnai G2 F20 X-Twin TEM, JEOL JEM-2100F microscope. 
Scanning electron microscopy (SEM) images were taken using a Hitach High-Technologies Cold FE-
SEM operating at 10 kV. 
 
Synthesis of S-UiO-6635 
 
ZrCl4 (0.0530 g, 0.228 mmol) and terephthalic acid (H2BDC) (0.0379 g, 0.227 mmol) in 
dimethylformamide (DMF) (26 mL) were sealed and placed in 120 ℃ oven and kept for 24 hours. 
The white powder was collected by centrifugation, washed 3 times with DMF and dried at vacuum 
oven at room temperature overnight. 
 
Synthesis of L-UiO-6636 
 
H2BDC (0.100 g, 0.602 mmol) and triethylamine (TEA) (0.01 mL) were dissolved in 140 mL of 
DMF in 250 mL round-bottom flask and stirred (600 rpm) for 10 minutes before the addition of acetic 
acid (20.6 mL). The flask was placed in an oil bath nd heated to 120 ℃. After the temperature of the 
oil bath reached 120 °C, 10 mL of DMF solution contai ing ZrCl4 (0.140 g, 0.601 mmol) was added. 
After 6 hours, the white powder was collected by centrifugation, washed 3 times with DMF and dried 
at vacuum oven at room temperature overnight. 
 
Synthesis of UiO-6737 
 
ZrCl4 (0.0186 g, 0.0798 mmol) and acetic acid (1.38 mL) were dissolved in DMF (5 mL). 4,4’-
biphenyldicarboxylic acid (H2BPDC) (0.0193 g, 0.0797 mmol) and TEA(30 μL) were dissolved in 
DMF (5 mL). Each solution was sonicated for 10 min and combined in 20 mL vial. The combined 
solution was further sonicated for 10 min and placed at 85 ℃ oven. After 8 hours, the white powder 




Synthesis of MIL-88A38 
 
Fumaric acid (0.0487 g, 0.422 mmol) and FeCl3·6H2O (0.114 g, 0.422 mmol) were dissolved in 10 
mL of distilled water. The mixture was placed in a Teflon vessel within the autoclave and heated 85 ℃ 
for 6 hours. The orange powder was collected by centrifugation and washed 3 times with distilled 
water. 
 
Synthesis of MIL-88B39 
 
H2BDC (0.266 g, 1.60 mmol) and FeCl3·6H2O (0.432 g, 1.60 mmol) were dissolved in DMF (8 
mL) with 2 M NaOH (0.64 mL). The mixture was placed in Teflon vessel within the autoclave, and 
heated 100 ℃ for 8 hours with a heating ramp of 3 ℃/min. The orange powder was collected by 
centrifugation and washed 3 times with DMF. 
 
Synthesis of MIL-88C40 
 
2,6-naphthalene dicarboxylic acid (H2NDC) (2.08 g, 9.62 mmol) and FeCl3·6H2O (2.56 g, 9.47 
mmol) were dissolved in DMF (100 mL). The mixture was placed in a 250 mL round-bottom flask 
and heated at 130 ℃ for 18 hours with stirring (300rpm). The orange powder was collected by 
centrifugation and washed 3 times with DMF. 
 
Synthesis of UiO-66@MIL-88A core-shell. 
 
20 mg of UiO-66 were added to a 5 mL aqueous solution of fumaric acid (0.0487 g, 0.422 mmol) 
and sonicated for 90 minutes. 5 mL of distilled water solution containing FeCl3·6H2O (0.114 g, 0.422 
mmol) was added to the solution. The mixture was transferred to Teflon vessel within the 
autoclave and heated at 85 oC. After 6 hours, the orange powder was collected by centrifugation and 




Synthesis of UiO-66@MIL-88B core-shell. 
 
20 mg of UiO-66 were added to a 3 mL DMF solution ctaining H2BDC (0.0553g, 0.333 mmol) 
and sonicated for 90 minutes. FeCl3·6H2O (0.0900 g, 0.333 mmol) in 2 mL of DMF solution was 
fully dissolved by adding 0.4 mL of NaOH solution (0.67 M) and added to the solution. The mixture 
was transferred to Teflon vessel within the autoclave nd heated to 100 oC with heating ramp of 
3℃/min. After 8 hours, the orange powder was collected by centrifugation and washed 3 times with 
distilled water. 
 
Synthesis of UiO-66@MIL-88C core-shell. 
 
20 mg of UiO-66 were added to a 5 mL of DMF solution containing H2NDC (0.100 g, 0.409 mmol) 
and sonicated for 90 minutes. 5 mL of DMF solution c taining FeCl3·6H2O (0.128 g, 0.473 mmol) 
was added to the solution. The mixture was transferred to 100 mL round-bottom flask and heated 
to 130 oC with stirring (300rpm). After 18 hours, the orange powder was collected by centrifugation 
and washed 3 times with DMF. 
 
Synthesis of UiO-67@MIL-88C core-shell. 
 
20 mg of UiO-67 were added to a 5 mL of DMF solution containing H2NDC (0.100 g, 0.409 mmol) 
and sonicated for 90 minutes. 5 mL of DMF solution c taining FeCl3·6H2O (0.128 g, 0.473 mmol) 
was added to the solution. The mixture was transferred to 250 mL round-bottom flask and heated 
to 130 oC with stirring (300rpm). After 18 hours, the orange powder was collected by centrifugation 
and washed 3 times with DMF. 
 
Synthesis of UiO-67@HKUST-141 
 
20 mg of UiO-67 were added to a MeOH (25 mL) solutin with benzene-1,3,5-tricarboxylic acid 
(H3BTC) (0.0800 g, 0.381 mmol) and sonicated for 90 minutes. 25 mL of methanol solution 
containing Cu(NO3)2·2.5H2O (0.910 g, 3.91 mmol) was added to the solution. The mixture was 
transferred to a 100 mL vial, sonicated for 10 min, and placed in room temperature for 2 hours. The 





ⅡI. 3. Result and Discussion 
 
Collaborate with Professor Jihan Kim’s group, hetero core-shell structure of MOFs was considered 
in our laboratory. However, over 6,000 crystal structures have been reported to CSD (Cambridge 
Structural Database) and 29, 700 SCI papers have been published already. Therefore, they should pick 
candidates out for simple calculation.42 Consequently, they use CoRE MOF database and selected the 
simplest case candidates, hexagonal and cubic. Among them, UiO-66 and MIL-88B are selected 
owing to cell parameter difference (14.6374 Å and 14.4162 Å for (111) plane of UiO-66 and (001) 
plane of MIL-88B, respective; 1.51 % of mismatch), commercially available precursors, and simple 
synthetic process. (Figure 3. 1.) 
 
Figure 3. 1. Schematic design of simulation result of UiO-66 andMIL-88B and cell parameter 
difference. 
 
Both two MOFs have same terephthalate ligand, however, the connectivity of ligand and metal is 
different, and crystal system also different. UiO-66, which is a cubic crystal system (Fm-3m space 
group with a = 20.7004(2) Å), has Zr6O4(OH)4 core in which the triangular faces of the Zr6-
octahedron are alternatively capped by μ3-O and μ3-OH groups. Every edge of the polyhedron is 
connected by carboxylates of terephthalate forming 12-coordinated zirconium based 
Zr6O4(OH)4(CO2)12 cluster with exceptional stability.35 MIL-88B, which is a hexagonal crystal system 
(P63/mmc space group with a=b=14.416 Å, c=17.304 Å) has trimers of iron(III) octahedra cluster that 
shares a μ3-O and each iron connected by carboxylates of terephthalate.39 Because of high stability, 






UiO-66 synthesized by solvothermal reaction with zirconium chloride and terephthalic acid in 
Teflon-lined autoclave at 100 ℃ for 8 hours. However, morphology of UiO-66 not clear y appeared 
when synthesized without modulator (Figure 3. 2. (a)), which makes hard to observed product of a 
core-shell reaction. Therefore, by using TEA and acetic acid for synthesis defined variation of particle 
sizes and shapes around 700~1000 nm octahedral as exposed to (111) plane in eight facets 
morphology of UiO-66 shown as SEM images. (Figure 3. 2. (b)) The crystallinity also confirmed by 
XRPD pattern. (Figure 3. 2. (c)) 
Figure 3. 2. (a) SEM image of UiO-66 without modulator (S means small) (b) SEM image of UiO-66 
with modulator (L means large) From here, L-UiO-66 denoted as UiO-66 (c) XRPD patterns of UiO-
66 
 
MIL-88B also synthesized by solvothermal reaction with Teflon-lined autoclave. Iron (III) chloride, 
terephthalic acid, and sodium hydroxide solution at 100 oC for 8 hours gave rise orange powder which 
observed as hexagonal rod shape morphology by SEM images. (Figure 3. 3. (a)) Also, XRPD pattern 
is well matched with the simulated pattern. (Figure 3. 3. (b)) 






To synthesized core-shell structure of UiO-66@MIL-88B, 20 mg of UiO-66 was sonicated with the 
terephthalic acid solution to well dispersing the UiO-66 in solution to avoid aggregate each other 
which interrupt the interaction with precursors of MIL-88B. The {001} plane of MIL-88B start to 
grow on exposed {111} plane of UiO-66 produced star- haped morphology core-shell structure which 
is strong evidence of epitaxial growth. All characteristic peaks of MIL-88B and UiO-66 were shown 
in XRPD, demonstrating UiO-66 and MIL-88B coexistenc . (Figure 3. 4. (a)) Moreover, 
homogeneous core-shell morphology with very small amount of MIL-88B was shown in the SEM 
image also indicate a successful synthesis of core-shell. (Figure 3. 4. (c)) In addition, STEM-EDS 
images display a well distribution of zirconium atoms in the core region, indicate UiO-66, whereas, 
iron atoms were found entire particle but mainly on the shell, which is MIL-88B. (Figure 3. 4. (d)) We 
also investigated the growth behaviors of MIL-88B on the UiO-66 substrate according to reaction 
time. After an hour, small islands MIL-88B grow on each (111) plane of UiO-66. As times go, each 
small MIL-88B combined into the larger triangular pyramidal structure after 4 hours. Interestingly, the
eight triangular pyramidal pieces on the eight triangular sides of the octahedron did not coalesce into a 
larger single crystal, contrast with other MOF@MOF core-shell structure. This phenomenon to the 
fact that the two components have different crystal ystems and the crystal growth directions of the 
multiple shell MOFs from the different {111} surfaces of the core MOF are not crystallo-graphically 
compatible to each other (Figure 3. 4. (e)) This phenomenon provides evidence that the UiO-66 
substrate plays a primary role in directing the growth of MIL-88B crystals 
 
Figure 3. 4. (a) XRPD patterns of Core-shell MOF. (b) SEM image of UiO-66. (c) SEM and inset 
TEM images of UiO-66@MIL-88B (d) STEM-EDS images with zirconium and iron mapping. (f) 
Core-shell structure reaction process. From left to right, 0 h, 1 h, 2 h, 4 h. 
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Interestingly, at early moment, excess MIL-88B is rarely appeared. However, after 12 hours, excess 
MIL-88B is observed. This phenomenon is already know  by classic nucleation theory that hetero-
nucleation is favor than homo-nucleation. Further reaction than 12 hours, small particles are appeared 
which seems decreased purity and crystallinity of UiO-66@MIL-88B. Star-shaped morphologies were 
collapse and small particles appeared in SEM image. In 48 hours, almost every triangular pyramidal 
MIL-88B is disappeared. (Figure 3. 5.) In addition, a y other peak doesn’t appear except UiO-66 at 
XRPD patterns, demonstrated the degradation of MIL-88B. (Figure 3. 6) 
 
Figure 3. 5. SEM images of UiO-66@MIL-88B at (a) 12 h (b) 24 h (c) 48 h 
 
 








Moreover, MIL-88B already known for its flexibility in the previous study, so, we conduct a 
flexibility control experiment by solvent exchange or activation by heating under vacuum. First, as 
synthesized MIL-88B clearly show its flexible behavior in XRPD patterns. As already known, when 
the cell is dried, the c-axis elongated, which causes XRPD peak stands for (002) plane shifts to lower 
angles and a, b-axis become compressed, which causes XRPD peak stands for (100) and (101) planes 
shift to higher angles. Those peak shifts are clearly observed in XRPD and well matched with 
simulated patterns. (Figure 3. 7. (a)) In core-shell case, the characteristic peak of MIL-88B is shown 
in as-syn XRPD pattern, and when exchanging the solvent with H2O three times following acetone 
three times, UiO-66@MIL-88B show characteristic peak of activated MIL-88B and UiO-66 which are 
well matched with a simulated pattern. (Figure 3. 7. (b)) However, in SEM images, UiO-66 core and 
MIL-88B shell are separated with maintaining both morphologies. The result is reasonable if 
considering the extreme level of structural transformability of the MIL-88B series upon the 
application of external stimuli. An abrupt and sudden change of the unit cell in MIL-88B(Fe) 
connected to rigid UiO-66 structure would cause strong stress on the boundary between the two 
materials and eventually separate them. It is another evidence of epitaxial growth because the 
connection between (111) plane of UiO-66 and (001) plane of MIL-88B couldn’t withstand the strain 
of cell expansion causes separate of both MOFs. (Figure 3. 8.) 
 










Finally, we expanded several core-shell pairs which ave same Zr6O4(OH)4(CO2)12 cluster core with 
a different ligand, biphenyl-4,4’-dicarboxylic acid (BPDC), UiO-67 and trimers of iron (III) octahedra 
cluster shell with different ligands, fumaric acid and NDC, which indicate MIL-88A and MIL-88C. 
According to the previous work conducted by Serre et al42, isoreticular analogues, MIL-88A to MIL-
88C has a large degree of flexibility upon external stimuli and in different environment. Therefore, the 
cell parameter range of MIL-88 series is summarized n Figure 3. 9.  
 
Figure 3. 9. 2D Lattice parameters of MIL-88 series. Black symbols are flexible ranges of 2D lattice 
parameter in {001} surface of MIL-88 series and redsymbols are 2 times of flexible ranges of 2D 
lattice parameter in {001} surface of MIL-88 series. Blue dotted line is 2D lattice parameter of UiO-
66,67 in {111} surface. 
 
As shown in Figure 3. 9, UiO-66@MIL-88A, UiO-66@MIL-88B, UiO-67@MIL-88C almost 
match each other in terms of shell MOFs’ flexible range. Obviously, those pairs successfully derive 
the core-shell structures. Although MIL-88 series doesn’t have desired cell parameter at the synthetic 
condition, the lattice parameters of {001} of those compounds undergo extensive changes, being 
transferred from the dry phase to the open, which approximate that of UiO-66,67 in {111} surface. As 
such, the hinge effect of flexible MOFs can be exploited to structurally compensate for the lattice 
mismatches at the interface between the two connected MOFs. However, owing to the large cell 
difference between two MOFs, UiO-67@MIL-88A, UiO-67@MIL-88B pairs doesn’t form the core-




Then, we measured the XRPD patterns for confirmed th  formation of the shell. (Figure 3. 9.) In all 
case, the characteristic peak of shell MOFs is shown in XRPD patterns demonstrating successful 
synthesized of shell MOFs. Moreover, in SEM images, star-shaped morphology of pairs is shown, 
which is the same result as UiO-66@MIL-88B case. (Figure 3. 10.) 
 





Figure 3. 11. SEM images of UiO-66, 67 and (a) UiO-66@MIL-88B (b)UiO-66@MIL-88C (c) UiO-
67@MIL-88C. 
 
In order to expand our experiment for further generalization, we conducted cubic/cubic core-shell 
case. In this case, (111) plane of core MOF and (111) plane of shell MOF were calculated. As a result, 
UiO-67 (Fm-3m space group with a = 26.768(5) Å) and HKUST-1 (Fm-3m space group with 
26.3867(2) Å) are selected as candidates for core-shell pair. Synthesis of HKUST-1 is observed by 
XRPD pattern with SEM images. (Figure 3. 11.) The smooth octahedral {111} surface of UiO-67 
changed to the rough surface which is evidence of the growth of HKUST-1. Also, In STEM-EDS 
images, we can clearly observe the zirconium atoms fill in the core and cupper atoms mainly 
dispersed in shell. (Figure 3. 12.) Compared with star- haped UiO-66@MIL-88B, HKUST-1 perfectly 
cover the whole UiO-67. It is also explained by crystal growth direction as above. In this case, the 
crystal growth direction of shell MOF is similar toc re MOF consequently derived whole covered 








Figure 3. 13. UiO-67@HKUST-1 (a) TEM image (b) STEM image (c) EDS mapping Colour scheme : 
Zr : orange; Cu : turquoise 
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ⅡI. 4. Conclusions 
 
In this work, based on simulation by Prof. Jihan Kim group at KAIST, we searched out several 
possible candidates, which could be core-shell structu e, consequently, successfully synthesized the 
core-shell structure of UiO-66 and MIL-88B. The stable UiO-66 act as core MOF, and flexible MIL-
88B act as shell MOF. (001) the plane of MIL-88B grows on the 8 triangular faces of (111) plane of 
UiO-66 to form star-shaped morphology owing to cell mismatch between the grown shell and 
growing shell. In contrast with previous work, our work used two different MOFs with different 
crystal structures. Although both MOFs use same terephthalate ligand, however, the coordination state 
is different, in case of UiO-66 Zr6-cluster and MIL-88B has Fe3(μ3-O) clusters. In addition, the 
morphology of shell MOF also maintains after reaction which is evidence of epitaxial growth. 
Moreover, we utilize the flexibility of MIL-88 series, successfully synthesized UiO-66@MIL-88A, 
UiO-66@MIL-88C, UiO-67@MIL-88C. Furthermore, we expand our experiment with cubic/cubic 
core-shell pair for further generalization, in case of UiO-67@HKUST-1. This study is the first case 
synthesize core-shell MOFs based on theoretical predictions. We hope this work make a new 
paradigm of the heterostructure of MOF, especially, MOF@MOF core-shell structure.  
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